] as applied to reactions at interfaces is used to interpret published data on the lipolysis of dinonanoyl phosphatidylcholine monolayers by pancreatic phospholipase A2. Reasonable quantitative agreement between theoretical and experimental results occurs when the reported effects of surface pressure on the amount of adsorbed enzyme are used together with the assumption that the Langmuir-Syskowski [Lange (1967) Nonionic Surfactants (Schick, M., ed.), chap. 4, Marcel Dekker, London and New York] isotherm describes the adsorption of lipid. The equations of Mass Action kinetics are less successful. Equivalent data on the lipolysis of didodecanoyl phosphatidylglycerol by pancreatic lipase can also be interpreted by arguing that the adsorbed enzyme forms significant amounts of enzyme substrate complex which reacts to give products in accordance with the well-known Briggs-Haldane [Lehninger (1975) Biochemistry, 2nd edn., chap. 8, Worth, New York] mechanism. The positions of the observed maxima in rate versus surface pressure plots suggests that the adsorption of an enzyme molecule displaces less lipid than one expects from the pronounced differences in molecular sizes of the two adsorbed species.
INTRODUCTION
Some years ago Verger and co-workers reported a study of the lipolysis of dinonanoyl phosphatidylcholine monolayers by pancreatic phospholipase A2 [1, 2] . They found that, at constant bulk enzyme concentration, the rate of lipolysis, r, exhibited a maximum at a surface pressure, iT, of 120 ,uN (12 dyn)/cm or thereabouts. Within experimental error they also found that the total amount of enzyme in the monolayer rt decreased according to the equation: Ft = ro(I-K) (1) where rO is the value of Ft when or = 0 and the constant K is given by K-1 = 210 ,uN (21 dyn)/cm. Similar maxima in rates have also been observed in other systems [3, 4] and by other workers [3] [4] [5] [6] [7] [8] . The aim of the present paper is to reach quantitative conclusions concerning such maxima by applying the ideas about reactions at interfaces developed in [9] .
Most quantitative investigations of enzyme reactions are based on the equations of Mass Action kinetics expressed in terms of concentrations and implicitly assume that these equations apply over the range of conditions involved. However, in many biological systems of practical interest this approach may not be valid. The present work is important, because it describes the development and application of methods which overcome this difficulty.
The philosophy ofthe paper, its structure and main conclusions are as follows. It is recognized that, at a molecular level, the reactions concerned are complex and that many of the details are inaccessible experimentally. Such details are allowed for implicitly by using empirical equations such as eqn. (1) , together with other equations obtained from thermodynamic arguments. The strength of this type of approach is that it enables fairly complex behaviour to be interpreted at a phenomenological level. Such an approach cannot in itself say anything about the molecular details, which it deliberately avoids. Nevertheless, the values of parameters that emerge from the treatment give clues about interactions at a molecular level.
In the Theory section below an expression is derived (eqn. 9) which enables the dependence of r on or to be calculated given the dependence of Ft on aT and the compression isotherm of the substrate monolayer. In the section entitled 'Comparison of theory with experiment and with the Mass Action Law' this expression is compared with the experimental data of [1] . Good quantitative agreement between theory and experiment is obtained when it is assumed that the compression isotherm conforms to eqn. (10) . In contrast, a simple Mass Action approach (eqn. 16) cannot account for the data. In the section entitled 'Other systems' it is shown that the theory can also account quite well for the behaviour of other systems. In the Discussion section eqns. (22) 
The physical significance of this assumption is apparent from eqns. (43) and (44) of [9] . In the present instance it is equivalent to assuming that, on adsorption, all four species displace the same amount of substrate from the monolayer. Eqn. (3) In the particular case that the adsorption isotherm of the lipid is of the Langmuir-Syskowski type [15] we have:
where rF denotes the limiting adsorption of substrate and its = u?+RTlnnY,=/°+RTln Fs (10) ( 1 1) where ,te and ,u°depend only on T and p and where ie is the standard chemical potential of adsorbed substrate. It follows from eqn. (10) To be more explicit, we suppose that the lipid conforms to eqn. (10) . This implies that the lipid monolayer does not exhibit a two-dimensional phase transition on compression. Such a transition does occur for longer-chain-length dialkyl phosphatidylcholine but is unlikely for the di-C9 material. From eqns. (4), (6) and (14) it now follows that:
which, together with eqn. (13) , enables us to conclude that if r has a maximum when r = 120 ,uN (12 dyn)/cm, then / = 0.122. The appropriate graph of r versus it as given by eqn. (13) is shown in Fig. 1 . The line is theoretical, the points are experimental and the value of K is chosen so that the curve passes through the experimental point for it = 120 itN (12 dyn)/cm.
The graph of r versus i for which 1. = 0 is given in Fig. 2 . In this 1992 D. G. Hall (14) Dependence of lipid monolayer lipolysis on surface pressure case the value of k' was chosen such that the maximum rate at 135 ,N (13.5 dyn)/cm is equal to the experimental rate at -r = 120 jtN (12 dyn)/cm.
There is little to choose between the two graphs, and in both cases the agreement between theory and experiment is quite good.
According to the simple Mass Action approach in terms of surface concentrations y5 = 1 and as predicted by eqns. (13) and (16) In general one expects a large molecule such as an enzyme to occupy a large surface area and that the number oflipid molecules displaced will be of similar order to the number occupying the area taken up by the enzyme. In the present example the F, at which the maximum occurs is approx. 90% of the saturation value. The above reasoning suggests that, at the maximum in r, the enzyme occupies an area of about 0.45 nm2 (45 A2), which is clearly very small. A possible explanation of this is that the enzyme threads through the interface so that only a small fraction of the adsorbed enzyme molecule competes with the lipid by occupying its adsorption plane. Alternatively, if parts of the enzyme which do not occupy the adsorption plane of the lipid bind lipid, this will contribute positively to (aF,/8F#), and will help to offset any negative contribution due to excluded area effects. Clearly the competitive effect is less pronounced than one expects on grounds of molecular size.
To obtain further insight into the competitive adsorption of enzyme and substrate, we consider the following result, derived in Appendix 2. Like the derivatives on the right-hand side of eqn. (22) -(rS/FrE),, and -(aF,/aFS),L respectively are the amounts of substrate displaced from the surface by an adsorbed enzyme molecule and an adsorbed enzyme-substrate complex.
When the dependence of Ft on ir is given by eqn. (1) (alnFt, 
Concluding remarks
The agreement between theory and experiment illustrates the value of the new formulation of transition-state theory for reactions at interfaces [9] and suggests that the additional approximations inherent in eqn. (3) are also reasonable. In comparison, applying the Law of Mass Action in terms of surface concentrations fails quite badly.
As Verger and co-workers have shown [1, 2] , other aspects of lipolysis kinetics are well explained in terms of Mass Action kinetic arguments. For example, doubling the bulk concentration of enzyme doubles the rate. However, none of these findings conflicts with the approach described above.
Eqn. (22) 
